Two photon photoacoustically detected spectra are reported for the first excited singlet state IE" of symtriazine in the gas phase. The origin has been positively identified as of E" symmetry through contour calculations and hot band observations. The excited state absorption is dominated by a highly irregular v" progression. These observations include: 66(AI') -0 em-I, 66 (E") -227 em-I, 6~ (E") -556 em-I, 66 (E") -693 cm-t, and possibly 6~ (E") [8~ (E") or 196 (E")] -836 cm-I above the IE", origin. The one photon observed 6b (A,") and 6~ (A,") bands at 677 and 1176 cm -I respectively, fit in well with these assignments.
I. INTRODUCTION
The molecular properties of sym-triazine (C 3 N 3 H 3 ) have been of considerable continued interest over the past 25 years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Optical spectroscopy has been one of the major ongoing efforts in the study of geometry, excited state energy levels, and dynamics of sym-triazine. There are a number of reasons for this. First, symtriazine is of high molecular symmetry (D3h) with relatively few atoms, thereby reducing its vibrational and electronic complexity to some extent. Second, it is the only small aromatic molecular system with a degenerate, readily accessible, first excited state. Third, vibronic coupling in this system can be quite extensive; both intrastate [Jahn-Teller 0T)] and interstate [pseudo-JahnTeller (PJT)] couplings are potentially large. Fourth, the molecule is of considerable biological interest, particularly as a model system for many other nitrogen heterocycles. Fifth, radiationless relaxation from the lowest singlet and triplet states is fast and for the most part poorly understood. In view of the foregoing, it was thought that the new technique of two photon spectroscopy would be an excellent method for the further study of this system.
The first optical spectrum of triazine vapor located a broad, intense transition at 272 nm, 1 which was assigned by solvent shift studies as n-1T* (An. 2 , 4 Subsequent analysis of the hot band region showed many of the weak, sharp features were associated with an electric dipole (one photon) forbidden EIJ state. 8 Low temperature crystal studies have confirmed these assignments. [9] [10] [11] [12] [13] Single vibronic level fluorescence (SVLF) spectra are also in agreement with this conclusion. 14 The IE" -lA~ transition is two photon allowed and it was felt two photon spectroscopic experiments would be an obvious way to increase our understanding of the excited state, its geometry, vibronic coupling, and relaxation processes. However, since triazine is known to emit only weakly, two photon excitation experiments employing conventional detection techniques (fluorescence) were not expected to be successful. Photoacoustic detection does, however, provide a straightforward, re-' liable method for obtaining the desired gas phase spectra. We have recently reported preliminary results of two photon experiments on triazine detected by means of the photoacoustic effect and by fluorescence from photochemically generated cyanyl (CN) .I? This paper presents more complete results and a more detailed discussion of our findings and conclusions. (It should be noted that some of the previous assignments have been changed in the present paper due to new experimental and theoretical findings but that the general conclusions remain unaltered. )
Vibronic assignments are made with the help of rotational contour analysis and polarization studies. 18, 19 The isotropic part of the (,,! branch of a totally symmetric vibronic state will be observed in absorption if viewed in linearly polarized light but will not be observed if circularly polarized light is employed. The polarization behavior of hot bands can be used to imply the vibronic symmetry of the corresponding cold bands (Sec. IV). With these methods, combined with other standard techniques of spectroscopic analysis, it has been possible to give a unique assignment for most of the major features of the IE" _IA~ absorption spectrum.
The presentation is organized as follows: In Sec. II we present background information on triazine and JahnTeller (JT) coupling. Section III describes experimental details of the two photon photo acoustic and fluorescence apparatus employed. In Sec. IV we present experimental results. Rotational contour and vibronic coupling calculations used to understand the spectroscopic assignments are given in Sec. V. Manifestations of the JT effect in the IE" state are discussed in Sec. VI. Our findings are summarized in Sec. VII.
II. BACKGROUND
Early spectroscopic studies of sym-triazine l ,2,4 suggested the energy level diagram and excited state symmetries shown in Fig. 1 
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nm band observed in one photon spectra is seen to be the one photon allowed A~' electronic state. However, Brinen's identification of the electronic origin was subsequently shown to be incorrect. 4, 8 Ground state vibrational frequencies and rotational constants were determined by infrared and Raman spectroscopy3,5; these are given in Table 1 . Ground state geometry was determined to be planar, and of D3h symmetry.
Udagawa's partial rotational contour analysis of one of the weak, sharp bands on the low energy side of the 272 nm band indicated that triazine is planar (or at least nearly so) in its lowest excited singlet state. 7 Fisher and Small were able to assign some of the sharp, weak transitions on the low energy side of the 272 nm band as being due to an E" electronic state by consideration of vibronic selection rules and by identification of some vibronically allowed hot bands. 8 They realized that JT coupling within the E" manifold was possible but they were unable to find definitive evidence for it. A sum- 
mary of their vibrational assignments is given in Table   II .
Knight and Parmenter's SVLF data l4 on sym-triazine support these E" electronic and 6J (A~') vibronic assignments. Only V6 appears to be active in the SLVF spectra, indicating that a model in which a single vibrational mode vibronically couples to the E" electronic state is reasonable. This situation is to be contrasted to that found for benzene 20 and transition metal hexafluorides. 21 - 23 Furthermore, the SVLF intensity pattern for
cates that quadratic JT (QJT) coupling is more important than linear JT (LJT) coupling. If LJT vibronic coupling is dominant, the pumped level [the n= 1 v6(A~') vibronic component in the IE" excited state] will be mixed with all other v6(A~') components (n?: 2) in the IE" electronic state, since LJT coupling has the selection rule t:..n = ± 1. In order for emission to occur, the electric dipole allowed IA~' electronic state about 1500 cm-I above the IE" origin must be mixed into the pumped level as well. LPJT coupling will mix v6(A~') components (n= 0,2, 3, ... ) of the IA~' electronic state into the pumped level with the selection rule t:..n= ± 1. Since the pumped level has contained in it all v6(A~') levels of the IE" electronic state (due to LJT coupling), LPJT coupling will mix in all V6 (A~') components of the IA~' electronic state to some extent. Note that this coupling omits Vs n= 1 of IA~' which is of E" vibronic symmetry. QJT coupling, , ..
T -!
on the other hand, will mix l/s components of the IE" electronic state according to the selection rule An = 0, ± 2. Thus, the n= 1 l/s(A~') level which is being pumped will contain the other l/s(A~') components of the IE" electronic state with odd n. LPJT coupling will mix in even z-t(A~') components from the IA~' electronic state according to the LPJT selection rule An= ± 1. The intensity of the emission progression 6!(A~') (IE" -IA~) will be proportional to (IA~' n' I r IIA~n) = (IA~' I r IIA~)(n' I n), which, in the absence of large Franck-Condon shifts, will be greatest for n' = n. With LJT coupling mixing n= 0 2 3 (A "
,4, ... l/s 2) levels of the A~' electronic state into the pumped level, emission should occur to l/s levels n= 0, 2,3,4, ... of the ground state. With QJT coupling dominant, the pumped level contains only even n l/s(A~') components from the IA~' electronic state, so emission will occur to even n l/s levels in the ground electronic state thus predicting 1(6~) -0 and 1(61) large, in agreement ' with the experimental SVLF data. Figure 2 illustrates this effect and how it comes about.
Barnard has carried out high resolution one photon studies of sym-triazine vapor and has done a careful rotational contour analysis. 24 He concluded that electronic 1 tu· from this work is that the 6~ (A~') state is only 499 cm-I above the 6~ (A~') at 677 cm-I . Such an energy level pattern is predicted by QJT calculations but never by LJT calculations.
The above discussion intimates that the QJT vibronic coupling is important in the E" electronic state of symtriazine. Previous theoretical investigations of a QJT coupling have shown taat it can be more influential in a given circumstance than might be obvious intuitively. [21] [22] [23] Some vibronic levels are effected by QJT coupling in first order perturbation theory whereas LJT coupling effects vibronic levels only in second order perturbation theory. A large quadratic JT effect is present in ReFs 21 and IrF s. 22 In addition, calculations for these molecules which allowed simultaneous JT coupling in two modes led to quite different results than if the two modes were considered separately.
III. EXPERIMENTAL
Synthesis of h 3 -and d 3 -sym-triazine samples used in this study is described in Refs. 13 and 25. Additional purification steps such as vacuum distillation, fusion with potassium, and distillation through a molecular sieve were carried out in a grease-free vacuum system.
Initial two photon photo acoustic experiments were per- formed in a sample cell with windows sealed with lightly greased 0 rings. It was found that HCN appeared as a decomposition product in such a cell. HCN evolution was monitored photoacoustically (one photon absorption) by observing the fifth overtone of the carbon-hydrogen stretch (V3 = 3312 cm-I and 5V3 = 15 552 cm-I ) which appears fortuitously in the midst of the two photon triazine spectrum. Subsequently, all two photon gas phase cells had windows sealed with indium gaskets; to the limit af our detection ability no HCN is produced in these new cells. However, decomposition is a problem in these experiments nonetheless, as triazine is apparently photodecomposed by an n photon process that is, in any event, two photon resonant. This photochemical process yields CN radicals. CN is detected photoelectrically by monitoring B -X emission in the near ultraviolet, as cyanyl is produced in its excited state. CN is also observed in two photon absorption B -X followed by emission. The overall process for this photochemistry is described as follows:
CN two photon absorption is not observed photoacoustically, due either to high quantum yield for emission or low concentration of total photoproducts. CN production involves a two photon resonant triazine process and, with the exception of the readily identified CN absorption [B(v= 3)-Xl, CN fluorescence gives the same triazine line shapes and positions as does the photoacoustically detected spectrum. Some variations in relative intensities of vibronic features have been previously noted, 17 however.
All features observed in the two photon photoacoustically detected spectrum are due only to sym-triazine. This is confirmed by the existence of hot bands separated from cold bands by triazine ground state frequencies. Also, the d 3 -triazine origin is blue shifted by over 100 cm-I while most of the vibrational intervals are almost unchanged.
The experimental arrangement of the two photon photoacoustic apparatus is depicted in Fig. 3 . The tunable laser for these experiments is a Nd/YAG pumped dye laser (Quanta-Ray DCR-1 and PDL) with an output of 2 MW over the range 6200-6600 A using DCM dye. The laser beam is focused in front of a 1 in. condenser microphone (B & K 4145) mounted in a high vacuum stainless steel cell. A unique feature of this cell design is that a Teflon cup has been mounted on the microphone body in order to enhance signals and reduce background; the best signal occurs for the situation in which the distance between the microphone diaphragm and the end plate of the cup is as small as possible. Apparently, two factors are important: focus should be as close to the disphragm as possible, and the shock wave reflected from the cup should reach the diaphragm while it is still deformed from the initial shock wave. This latter situation insures better signal integration. 26 Other important cell design features are absence of grease or epoxy; metal (Cu) flange seals and indium window seals; metal-ceramic feedthrough for microphone electrical connections; and Brewster output window of glass-blown quartz and molybdenum sealed. The angled output window eliminates background signals from reflected laser light impinging on the microphone assem bly. A n angled input window is less necessary and makes polarization experiments difficult.
The microphone signal is amplified (PAR 114/118 amplifier) and is processed by a boxcar integrator (PAR 164/162) (channel A). The laser power level is monitored by a pyroelectric power meter (Molectron) and processed in the second (B) channel of the boxcar. The two signals are subsequently ratioed (A/B2) to compensate for pulse-to-pulse variations and the power curve of the dye laser. Wavelength calibration is achieved by splitting off a small fraction of the dye laser beam and using the optogalvanic effect in a standard Fe-Ne hollow cathode lamp to observe well known atomic resonances. Circularly polarized light was produced in a Fresnel rhomb. Hot band experiments were performed at 100 DC by heating the cell with a heating tape. The Signal to noise ratio for these experiments was about a factor of 2 to 3 lower than for room temperature experiments due to depleted ground state population, convection currents in the cell, and increased microphone noise.
Two photon emission excitation experiments were also attempted (both fluorescence and phosphorescence). The experimental arrangement is similar to the above except a photomultiplier tube (RCA 8850) with appropriate filters was used as a detector. Pulses from the 8850 were fed into the boxcar integrator directly. At 10 Torr of ~m-triazine vapor, no triazine emission was detected. However, emission from CN was observed, as previously described, and since it is two photon triazine resonant' the absorption could be followed with the B -X CN emission. Even at O. 1 Torr only weak CN emission could be detected from the sample.
IV. EXPERIMENTAL RESULTS
Two photon photoacoustic spectroscopic data for h 3 -and ds-triazine are found in Table III and representative survey spectra and individual band contours can be found in Figs. 4-9. The first step in assigning the spectrum is to determine the excited state vibronic symmetry for each of the bands. Rotational contour simulation can often associate a unique ~K selection rule with a given contour, which immediately gives the vibronic symmetry (see Table IV ). 27 This method gives the symmetry of the lowest energy cold band as E". Such an assignment is supported by the presence of a polarized hot band at -346 em -I. This frequency is close to the ground state value for v;~(e"). The transition assignment IE" -IE" (e" IA;) (16~) explains both the location and polarization behavior of the band (Table IV) . The lowest cold band is thus identified as an E" origin. The 556, 693, 836, and 1071 em-I features are assigned in a similar manner as E" vibronic states. The 210 cm-I band (see contour (vide infra), but it may be assigned as E" with confidence, since its v;~ hot band is polarized and an E" contour can be calculated for it. An A; band is observed at 436 cm-I by its polarization behavior. No E' contours are identified.
It is somewhat more difficult to determine the vibrational parentage of each transition. The A; band at 436 cm-I must be due to an e" vibration, since only e" xE"
thus either 16~ (A;) or 10~ (A;).
Since it has a small isotope shift 10~ (A;), an out of plane hydrogen bending motion, can be ruled out. Also, the v;~ hot band of this transition is unusually intense, implying that it is a sequence band (16\). The weaker polarized feature at 445 cm-I in h3 spectra is not a hot band and is tentatively assigned as 10~ (A;). Since it does not evidence a 10l sequence band --585 cm-! and a comparable set of features is not located in d 3 spectra, this assignment remains less certain than 16~ (A;). It should be noted that both these values (436 and 445 cm-!) are quite different from those reported in Table II but it must arise from either anharmonicities leading to 1116 -1110 coupling, quadratic intrastate vibronic coupling, or strong Herzberg-Teller coupling with E', Af, or A~ electronic states. It would certainly be interesting to pursue the causes of these vibronic splittings.
The totally symmetric vibration 12~(E") is identified by its known frequency, 8 its similarity in line shape and structure to the origin, and by the non-totally symmetric modes built on it. Most of the remaining bands in the region below (0,0) + 1000 cm-I are of E" vibronic symmetry and could be of a;, a~, or e' vibrational parentage.
We rule out the a; totally symmetric vibrations since no Franck-Condon progressions are observed and nontotally symmetric vibrations are not built on any of these features. Since isotope shifts are small for these low lying modes 11~, 11~0' and 11~ may be eliminated as candidates. The ground state frequency of 1114 is too high and it can only appear via Herzberg-Teller coupling which would not be capable of producing the observed intensity. The only remaining vibrational assignments for the four E" bands below (0,0) + 1000 cm-I are l1a, 11;9, and 11~. Since in the one photon vibronically allowed spectrum 6~ (A~/) has been aSSigned at 677 cm-I , we can assume that 11~ is the lowest energy of the e' excited state modes; 8~ (A~') and 19~ (A~') appear to be over 1000 cm-I (Table II) from the origin. Thus, the two lowest E" bands (210 and 556 cm-!) are aSSigned as components of 11~ [6~ (E") and 6~ (E"), respectively]. The unusual assignment of 6~ (E") at 210 cm-! is supported by the presence of a relatively intense sequence hot band 61 (E") at -476 cm-!. From these arguments it is not obvious how the remaining two E" features below (0,0)
+ 1000 cm-! should be labeled and we defer this discussion until Sec. VI.
Finally, the origin region will be discussed at greater length. An unusual feature appears at -24 cm-!, as shown in Fig. 5 , which is not reproduced in rotational contour calculations of the E" origin. The most obvious assignment is 161 (E') but there are a number of observations which tend to contradict this assignment. The -24 cm-! peak does not appear to increase enough in intensity upon heating to 100°C to be 161 (E'), but overlap with the origin contour and poor signal to noise ratio at 100°C make this result inconclusive. Moreover, such can be seen. A feature analogous to the -24 cmt one does appear on the contour of the first totally symmetric one built on the origin 12~ (E"). The lJ~' hot band built on the -24 cm-! feature is in fact more intense than 6~ (E"), indicating that it might be of the sequence type, namely, 6; (A~'). This suggests that the -24 cmt feature could be related to the presence of z,b (A~') at the origin. How such a transition could obtain intensity is unclear, but since it is so near an intense feature, many perturbation mechanisms could be envisioned. Further discussion of this feature is postponed until JT calculations are discussed. J. Parkin has communicated to us that the one photon spectrum may also evidence an A~' feature "below the E" origin."
V. CALCULATIONS
A. (E"+A~) Xe' vibronic coupling
General methods for vibronic coupling calculations may be found in Refs. [21] [22] [23] . A brief outline of the calculation is given here. We wish to emphasize that in spite of the differences between MF 6 and triazine, the overall methods and even the results are quite similar.
The two lowest excited states of sym-triazine are energetically close (-1500 cmt ); thus, vibronic coupling calculations should include not only vibronic coupling within the E" manifold, but also between E" and A~' manifolds. The Hamiltonian includes both LJT and QJT terms between E" components but only linear terms between E" and A~' components.
Since large matrices are diagonalized numerically, it is important to choose a basis set and phase convention Examples of these calculations are given in Figs. 10 and 11 and Table V. In Fig. 10 , the effect of LPJT coupling is illustrated; in Fig. 11 the regime of large QJT coupling with only a small LJT parameter is explored. These calculations will be compared with the experimental findings in Sec. VI. numerical data which will allow comparison with other calculations.
B. Rotational contour calculations
The rotational contour calculations were carried out in the usual manner. 19, [30] [31] [32] Sym-triazine nuclear statistical weights were employed but seem to make little difference in the contours at the resolution used (0.5 cm-
The quantum number J was varied from 0 to 100. No line shape function was used for the individual transitions; all intensity was placed in a box covering 0.5 cm-! and the points thus generated were connected with lines on a computer plotter.
VI. JAHN-TELLER INTERPRETATION OF THE P~ MODE
The behavior of lI6 in the E" electronic state of ~m triazine is clearly highly unusual: large energy differences between 66 (A~') and 6~ (E"), an anharmonic lI6 progression, and many E" modes within a 1000 cm-1 of the E" origin. Reasons for this abnormal behavior are discussed in this section.
The electronic degeneracy of the E" electronic state and the proximity of anA~' electronic (-1500 cml ) state strongly suggest that some form of vibronic interaction (JT or PJT) is responsible for the highly irregular nature of v~ bands.
It is immediately clear upon examining Fig. 10 that PJT interaction between E" and A~' electronic states is not responsible for the observed liS behavior Since it places the E" lI6 vibronic components above the A~' lI6 components. Experimentally, the lowest E" v~ is observed at 210 cm-I , and one photon experiments place the A~' (6~) at 677 cm-I . Table VI shows that there is, how"ever, a set of parameters for the JT calculation which qualitatively accounts for the observed lI~ bands. In fact, the 693 cm-! band which is not assigned in Sec. IY fits well as 6~ (E") and indeed is predicted to have considerable intensity. Based on these calculations, 6~ is most likely assigned as the 836 cm-! (E") feature (see Table III for other possibilities, however). Strength of the nll6 series interpretation is evidenced by the fact that six energy levels are approximately calculated with only two parameters (see Table VI ). [Note that due to the extensive mixing of the nll~ basis set for n> 2 (see Fig. 11 ), 65 (E"), 66 (E"), etc., should be construed as "the third, fourth, etc .," E" level of the lI~ manifold and not necessarily as an E" arising from a specific single overtone'] The calculation also reproduces the observations that A;' levels in the 0-1500 cm-! region above the origin are sparse, and that there are many E" levels in the 0-1500 cm-' range. Moreover, an AI' comes into near coincidence with the origin, in agreement with the perturbed origin contour.
The small Coriolis coupling constant obtained from the rotational contour analysis of the E" origin (Sec. V B) supports the above interpretation since JT vibronic coupling is expected to quench electronic angular momentum. Further evidence for a substantial JT effect in the lI~ progression is apparent from the variation of the moments of inertia for triazine in the nlls vibronic states; Table VI shows I(6~) larger than observed relative to I(6~) and I(6~). The proximity of 6~ (A~') at 677 cm-! and 6g (E") at 693 cm-1 may perturb the observed pattern, however. It is not unreasonable to ex- While substantial JT coupling in the E" electronic manifold is probably to be expected, it is however counterintuitive that the QJT parameter Q[e'] is greater than the LJT parameter D. It may be that there is some "hidden" or approximate symmetry present in symtriazine which tends to minimize LJT coupling. For example, many of the molecular orbitals of sym-triazine possess near cylindrical symmetry. Since Vs is an inplane vibration, the entire electronic and vibrational coupling may mimic the cylindrical symmetry of a linear molecule; it is well known that LJT terms are zero for linear molecules (the Renner-Teller effect).
VII. CONCLUSIONS
Two photon photoacoustic spectra of the lowest excited state IE" of sym-triazine have been obtained. The electronic symmetry has been shown to be E" by direct observation of rotational contours of the origin band and by observation of hot bands associated with this origin. Electronic angular momentum of this state is quenched (t. -0.1). Vs vibronic components dominate the remainder of the spectrum from 0-1500 cm-I and possess highly irregular intervals. Large splittings exist between A;', A~', and E" vibronic Vs components.
It has been possible to fit and explain such an unusual progression for Vs based on a vibronic coupling calculation which has QJT coupling terms Q[e'] larger by a factor of 4 than LJT coupling terms D. PJT coupling with the nearby A~' state appears not to be important for this energy level scheme.
E"
The two photon photoacoustic experimental technique has been demonstrated to be a sensitive method for obtaining the data. It is complementary to fluorescence excitation detection techniques. Through the use of photoacoustic detection, interference of CN photochemiluminescence was eliminated. The CN emission did, however, reproduce the photoacoustic spectrum in all essential features. 
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We would like to thank Dr. J. Parkin for giving us a copy of J. Barnard's thesis, and for helpful discussions about sym-triazine over the years. and two-dimensional harmonic oscillator functions (XN L) is generated, and symmetry types E", A;', and A~' a~e Once the basis is generated, the matrix elements must be calculated. Only the upper (or lower) half of the matrix need be calculated, since the matrix is symmetric.
APPENDIX: DESCRIPTION OF (E"
For linear JT coupling within the E" state we need the matrix Hamiltonian These two formulas must be corrected for L = 0 in either the bra or ket, since they do not account for the fact that since L = -L, a primitive matrix element that is usually zero is nonzero. For Again for L = 0 in the bra or ket we must correct the The matrix elements up to n= 10 were also hand cal-culated, and the hand calculation checked by the upper half of the matrix agreeing with the lower half.
The pseudo~Jahn-Teller interaction between the E" and A~' was completed for basis functions to N = 10, and the matrix elements were hand calculated. The PJT matrix Hamiltonian is o o
ik'Q+
We have derived the PJT matrix element formulas. They are as follows, with D' = (k')2/2nw 3 :
